We report a single-step growth process of graphene nanostripes (GNSPs) by adding certain substituted aromatics (e.g., 1,2-dichlorobenzene) as precursors during the plasma enhanced chemical vapor deposition (PECVD). Without any active heating and by using low plasma power ( 60 W), we are able to grow GNSPs vertically with high yields up to (13 ± 4) g/m 2 in 20 min. These GNSPs exhibit high aspect ratios (from 10:1 to >~130:1) and typical widths from tens to hundreds of nanometers on various transitionmetal substrates. The morphology, electronic properties and yields of the GNSPs can be controlled by the growth parameters (e.g., the species of seeding molecules, compositions and flow rates of the gases introduced into the plasma, plasma power, and the growth time). Studies of the Raman spectra, scanning electron microscopy images, ultraviolet photoelectron spectroscopy, transmission electron microscopy images, energy-dispersive x-ray spectroscopy and electrical conductivity of these GNSPs as functions of the growth parameters confirm high-quality GNSPs with electrical mobility~10 4 cm 2 /V-s. These results together with residual gas analyzer spectra and optical emission spectroscopy taken during PECVD growth suggest the important roles of both substituted aromatics and hydrogen plasma in the rapid vertical growth of GNSPs with large aspect ratios.
Introduction
Among many intriguing properties and promising applications of graphene-based materials [1e3], reduced dimensional graphene nanostructures, such as graphene nanoribbons (GNRs) that often refer to one-dimensional crystals with nanoscale widths, have attracted much attention for their quantum confinement effects in extremely narrow ribbons [4, 5] , novel edge characteristics [3,6e8] , mechanical strength [9, 10] , and a wide range of technological prospects in such areas as nano-electronics [11e15], spintronics [16, 17] , plasmonics [18e20], biosensors [21, 22] , energy storage [23] , and energy production [24] .
One of the primary challenges to fully realize the technological promises of reduced dimensional graphene nanostructures is to reliably produce a large quantity of high-quality nanomaterials with large aspect ratios. In general, the structural and physical properties of reduced dimensional graphene nanostructures are strongly depending on the synthesis method. To date, the best known methods for synthesizing quasi-one dimensional graphene nanostructures include the following primary categories: [1] The top-down approach, which utilizes lithographic techniques to produce GNRs from two-dimensional graphene sheets on a substrate. The quantities of GNRs thus produced are limited due to the time consuming lithographic processes, and the edges of these GNRs are usually jagged [25, 26] . [2] The bottom-up approach, which may be further divided into the surface-assisted [27, 28] and solution-phase synthesized [29e35] approaches. The surface assisted method involves pre-synthesis of polymer chains on metallic substrates and has the advantage of achieving atomically precise armchair-or zigzag-edges [7, 8, 27, 28] . However, this approach generally involves multiple steps of processing, which leads to very low yields and relatively short GNRs. Moreover, these GNRs are not easily transferrable to other substrates. Similarly, the solution-phase synthesized approach also involves multiple steps and the resulting GNRs exhibit a range of controlled widths on the order of 1e2 nm and typical lengths over 100 nm [29e35] . While both types of bottom-up approaches can achieve better control of the structures of GNRs, the complexity in the synthesis procedures and the relatively low yields are not ideal for mass production in large-scale applications. [3] Unzipping carbon nanotubes (CNTs): Multi-walled CNTs can be unzipped along the longitudinal direction to form GNRs [36, 37] . Compared to the first two methods, this approach has the potential of mass production and lower costs. However, the process is time consuming and also requires initial mass production of CNTs. The GNRs thus produced also contain excess metallic impurities [38, 39] . [4] Growth by thermally assisted plasma enhanced chemical vapor deposition (PECVD): Synthesis of vertically oriented graphene "nanowalls" or "nanosheets" by means of PECVD have been reported for a variety of precursor gases [40, 41] . However, this method faces three major challenges [40] : First, all processes reported to date involve multiple steps of pretreatment of the substrates as well as high-temperature (ranging from 500 C to 1150 C) substrate heating and high plasma power (>10 2 W and up to~10 3 W) during the graphene growth [40, 41] .
Second, the yields are generally too low to be practical for mass production [40, 41] . Third, the morphology and structures of vertically grown graphene nanosheets are not well controlled [40, 41] because the growth mechanisms under different growth parameters and precursor molecules are not fully understood.
To overcome the aforementioned challenges, we report in this work a new single-step seeded growth method of "graphene nanostripes" (GNSPs) by PECVD techniques that can achieve highyield and high-quality growth of GNSPs reliably without any active heating. The lengths of these GNSPs range from a few to tens of micrometers and the widths range from tens to hundreds of nanometers. Therefore, they exhibit large aspect ratios (typically from 10:1 to >~130:1) but do not manifest effects of quantum confinement. Further, their widths are typically narrower than most nanowalls and nanosheets reported to date [40, 41] . Therefore, we refer these quasi-one dimensional nanostructures to "graphene nanostripes" (GNSPs) to indicate their large aspect ratios and to differentiate them from GNRs that exhibit quantum confinement and also from graphene nanosheets [40] or nanowalls [41] that are generally wider and are with smaller aspect ratios than our GNSPs.
In comparison with our single-step PECVD growth process of high-quality large graphene sheets laterally on copper substrates without active heating [42] , these GNSPs of large aspect ratios are grown vertically on various transition-metal substrates by PECVD with the addition of substituted aromatics such as 1,2-dichlorobenzene (1,2-DCB), 1,2-dibromobenzene (1,2-DBB), 1,8-dibromonaphthalene (1, and toluene as the seeding molecules. Among these substituted aromatics, we find that 1,2-dichlorobenzene (1,2-DCB) is most effective for the growth of GNSPs at room temperature, as detailed in the supplementary information. Therefore, we focus hereafter on the studies of PECVDgrown GNSPs that are seeded by 1,2-DCB.
The entire growth process occurs in a single step within less than 20 min at a relatively low plasma power ( 60 W) , and the resulting GNSPs exhibit large aspect ratios and high yields. Studies of the Raman spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersion x-ray spectroscopy (EDS), ultraviolet photoemission spectroscopy (UPS) and electrical conductivity all confirm the high quality of the GNSPs thus obtained. Based on these experimental findings together with data from the residual gas analyzer (RGA) spectra and optical emission spectroscopy (OES) taken during the plasma process, we propose a growth mechanism and suggest that the introduction of substituted aromatics in the hydrogen plasma plays a critical role in achieving rapid vertical growth of GNSPs with high aspect ratios.
Experimental

Experimental setup
The PECVD system is schematically illustrated in Fig. S1 . It consists an Evenson cavity and a power supply (MPG-4, Opthos Instruments Inc.) to generate plasma. The 1,2-DCB precursor is stored in a quartz container and attached to the growth chamber via a leak valve and a quarter-turn, shut-off valve. A residual gas analyzer (RGA) is used to monitor the precursor and by-products partial pressure.
Seeded growth of GNSPs
The quartz tube was pumped down to 27 mTorr. During the growth, the total pressure of the tube was maintained at 500 mTorr with 2 sccm hydrogen. The additional methane and 1,2-DCB was controlled by a precision leak valve and the partial pressure was monitored by a RGA. Typical methane and 1,2-DCB partial pressures were (10e900) Â 10 À9 Torr and (1e10) Â 10 À9 Torr, respectively, as measured in the RGA. Hydrogen plasma was formed away the substrate and then moved to the substrate in order to prevent any plasma transient damages. Typical plasma power ranged from 40 to 60 W with a plasma size of 1e2 cm 3 , and growth time ranged from 0.5 to 20 min.
Characterization
The PECVD-grown GNSPs were characterized by Raman spectroscopy, UPS, XPS, SEM, TEM and electrical conductivity studies. Raman spectra were taken via a Renishaw M1000 micro-Raman spectrometer system using a 514.3 nm laser (2.41 eV) as the excitation laser source. The laser spot size was~1 mm in diameter and the exposure time was 30 s. A 50 Â objective lens with a numerical aperture of 0.75 and a 2400 lines/mm grating were chosen during the measurement to achieve better signal-to-noise ratio. The UPS were performed via the Kratos-Ultra-XPS model which uses a magnetic immersion lens with a spherical mirror and concentric hemispherical analyzers with a delay-line detector for both imaging and spectroscopy. He I (21.2 eV) were used as excitation sources for UPS measurement in an ultrahigh vacuum chamber with a base pressure of 2 Â 10 À10 Torr. The SEM images were taken by a FEI Nova 600 SEM system with the following parameters: acceleration voltage ¼ 5 kV, beam current ¼ 98 pA, and working distancẽ 5 mm. The TEM measurements were performed on a FEI Tecnai TF30 STEM (TF30) with an operating voltage of 300 KV. The electrical conductivity measurements were made by means of the fourprobe method on GNSPs aligned on patterned electrodes via electrophoresis techniques.
Results and analyses
The seeded PECVD growth process is schematically illustrated in Fig. 1(a) . We use 1,2-DCB to act as seeds for vertically aligned carpets of GNSPs grown on Cu surfaces. The hydrogen plasma with a slight trace of CN radicals is used to remove the surface copper oxide and expose fresh copper surface upon which 1,2-DCB molecules can seed [41] , resulting in the initial formation of vertical GNSPs. Additionally, methane is introduced into the hydrogen plasma as another carbon source to enhance the growth rate. We have also demonstrated the feasibility of using other carbon based, The PECVD system is equipped with a residual gas analyzer (RGA) and an optical emission spectrometer (OES), which are used to monitor the gases in the growth chamber during the PECVD process. Two representative RGA spectra are shown in Fig. 1(b) and (c), where the shaded band indicates the time interval from turning on to turning off the plasma. The spectrum in Fig. 1 (b) reveals that hydrogen chloride (HCl) is a main byproduct of the seeded PECVD growth process. This indicates that hydrogen radicals can react with chlorine in 1,2-DCB to form hydrogen chloride and render the resulting vertical GNSPS mostly free of chlorine. Additionally, substantial amounts of C 2 and C 6 radicals together with C 6 H 6 molecules are found during the plasma growth process, as shown in Fig. 1(c) . We note that while C 2 are common radicals found in all previously reported thermally assisted PECVD growth [40] , the eminent presence of C 6 radicals and C 6 H 6 molecules are unique in our low-temperature PECVD process.
We have also monitored the optical emission spectra (OES) of the plasma during the growth process as a function of the 1,2-DCB/ CH 4 partial pressure ratio, as shown in Fig. S5 . We find that the intensities of all hydrogen related peaks (H a , H 2 and H b ) decrease with increasing 1,2-DCB partial pressure, consistent with the reaction of hydrogen with increasing chlorine radicals. On the other hand, the intensity of C 2 radicals is enhanced upon the introduction of 1,2-DCB precursor molecules, although no further increase appears with increasing 1,2-DCB partial pressure. Fig. 1(d) e (e) show two representative SEM images of the top view of GNSPs grown for 10 min with the growth parameters listed in the first row of Table 1 , and Fig. 1(f) is the SEM image of a tilted view (at 52 ) of the GNSPs shown in Fig. 1(d) . These images together with the optical micrograph exemplified in Fig. S6 (b) reveal that GNSPs uniformly distributed over the entire (1.2 cm Â 0.8 cm) surface area of the Cu substrate. Moreover, we note that the widths of all GNSPs synthesized with a given set of PECVD growth parameters appeared to be nearly the same, as exemplified by the tilted view shown in Fig. 1(f) where the average width of GNSPs is~500 nm. On the other hand, there is a range of length distributions for the GNSPs, and they are typically on the order of tens of micrometers, as exemplified by the yellow line in Fig. 1(d) from one open end to the other open end, and by the SEM image shown in Fig. 1(g) for an isolated GNSP that was transferred to a silicon substrate. Here we note that the real lengths of individual GNSPs are generally much longer than the distances between joint points revealed in the SEM images of as-grown GNSPs, as corroborated by Fig. 1(g) .
To isolate and image individual GNSPs by SEM, we first immersed the copper substrate with as-grown GNSPs in dimethylformamide (DMF) solvent for~9 h and then sonicated the solution for 3 min. A drop of the solution with dispersed GNSPs was placed on a silicon substrate and then heated at 175 C until the solvent completely boiled off. GNSPs left on the silicon substrate were then imaged by SEM without further modification.
By analyzing the top views of multiple sets of SEM images for the length distributions of GNSPs and the tilted views for the average widths, we obtained a representative histogram for the aspect ratios of GNSPs in Fig. 1(h) , showing a distribution from~10 to >~130.
A representative Raman spectrum of the GNSPs is shown in Fig. 1(i) , where three distinct peaks are visible [43e46]: The peak at 2700 cm À1 is known as the 2D-band that represents a doubleresonance process of graphene; the peak at~1590 cm À1 is the Gband associated with the doubly degenerate zone-center E 2g mode of graphene, and the peak at~1350 cm À1 is the D-band that corresponds to zone-boundary phonons due to defects, edges, and/or folds of graphene sheets [43e46] . Given that the laser spot of our Raman spectrometer (~1 mm) is larger than the typical widths (tens to hundreds of nanometers) of our GNSPs, we attribute the intense D-band of our GNSPs to the prevailing presence of edges and/or the presence of folds as observed in SEM and transmission electron microscopy (TEM) images. We further note that the 2D-to-G intensity ratio, (I 2D /I G ), is typically greater than 1 and that the fullwidth-half-maximum (FWHM) of the 2D-band is relatively sharp, which seems to suggest that our GNSPs are largely monolayer [43e47]. However, this notion contradicts the findings of multilayer GNSPs from our AFM and TEM studies. These seemingly inconsistent results can be reconciled by the presence of incommensurate rotation of one layer relative the adjacent layers of these multilayer GNSPs, as elaborated later in this manuscript. Moreover, the turbostratic multilayer structures of GNSPs may also be responsible for the appearance of a slight shoulder in the G-band peak, which is known as the D 0 -band that results from defectsinduced intra-valley scattering [43, 44] .
To investigate the dependence of GNSPs growth on various parameters, we show in Fig. 2(a) e(c) SEM top view images of PECVD-grown GNSPs on Cu under different 1,2-DCB/CH 4 partial pressure ratios. The total gas pressure was 500 mTorr and the flow rate of H 2 was 2 sccm. With the CH 4 partial pressure kept constant at~6 Â 10 À9 Torr during the growth, we found that the morphology of GNSPs was strongly dependent on the ratio of 1,2-DCB to CH 4 partial pressures. For instance, when the 1,2-DCB/CH 4 partial pressure ratio was~1.5 or less, the resulting GNSPs grown on Cu had typical lengths of a few to tens of micrometers and relatively large aspect ratios, as exemplified in Fig. 2(a) . With the partial pressure ratio of 1,2-DCB/CH 4 increased to~1.8, the GNSPs began to branch out, as shown in Fig. 2(b) . Upon further increase of the 1,2-DCB/CH 4 partial pressure ratio to~2.4, a highly branched, flowerlike nanostructure developed. These graphene "nano-flowers" (see Fig. 2 (c)) were thinner and shorter than the typical GNSPs grown with a smaller 1,2-DCB/CH 4 partial pressure ratio. This trend was in part attributed to the high 1,2-DCB concentration that saturated the substrate and led to a high density of nucleation sites and therefore an overall decrease in the lateral size of GNSPs, as manifested in Fig. 2(c) . The branching behavior in addition to the shorter lengths of the graphene nanostructures may be attributed to the large amount of 1,2-DCB that resulted in excess chlorine ions terminated along the edges of the GNSPs and activated the formation of the branching behavior. This scenario is consistent with studies of the ultraviolet photoelectron spectroscopy (UPS), TEM and energy-dispersive x-ray spectroscopy (EDS) of GNSPs as a function of the 1,2-DCB/CH 4 partial pressure ratio, to be elaborated below. UPS experiments were conducted to investigate the work functions of GNSPs grown under different 1,2-DCB/CH 4 partial pressure ratios and to provide direct information about possible doping effects on GNSPs [48e50]. As shown in Fig. 2(d) and summarized in Fig. 2(g) , the work function value (F) deduced from the secondary electron cutoff of the UPS spectrum was found to be Table 1 Experimental parameters for the growth process, showing the gas partial pressures of 1,2-DCB and CH 4 , plasma power, and time for the PECVD growth of GNSPs. The gas partial pressures were as measured in the RGA. 4.45 eV for GNSPs grown with a 1,2-DCB/CH 4 partial pressure ratio ¼ 1.5, which is a value close to that of pristine graphene (~4.5 eV) [51] . The work function value decreased to 4.16 eV for GNSPs grown with a 1,2-DCB/CH 4 partial pressure ratio increased to 2.4, implying significant electron doping. This finding suggests that excess 1,2-DCB not only resulted in the formation of branches and excess chlorine in the GNSPs (see TEM and EDS results) but also introduced additional electron doping. We further performed Raman spectroscopic studies on GNSPs grown under different 1,2-DCB/CH 4 partial pressure ratios. Fig. 2(e) shows the 2D to G intensity ratios, (I 2D /I G ), and D to G intensity ratios, (I D /I G ), of GNSPs grown at different 1,2-DCB/CH 4 partial pressure ratios. The (I 2D /I G ) ratio decreases with the increase of 1,2-DCB/CH 4 partial pressure ratio, suggesting that more layers of GNSPs were grown [43, 44] with larger amounts of 1,2-DCB. On the other hand, the (I D /I G ) ratio increases with the increase of 1,2-DCB/ CH 4 partial pressure ratio, which is consistent with more edges [43, 44] due to branching. Additionally, the in-plane sp 2 crystallite size (L a ) of the GNSPS may be estimated by using the (I D /I G ) ratio and the following empirical formula [52] .
where E L denotes the excitation energy of the laser source, which is 514 nm for our Raman spectrometer. We find that both the crystallite size L a and the work function F of the GNSPs decrease steadily with increasing 1,2-DCB/CH 4 partial pressure ratio, as illustrated in Fig. 2 (f) and (g), respectively. In order to achieve high yields of GNSPs growth, we experimented various parameters for synthesizing typical GNSPs with 1,2-DCB/CH 4 partial pressure ratios <~1, as summarized in Table 1 . We found that the yield of GNSPs, determined in units of mass per unit area, increased by more than one order of magnitude when the power was increased from 40 W to 60 W. This finding may be attributed to the presence of more energetic gas molecules and radicals (particularly C 2 , C 6 and C 6 H 6 ) in the plasma to initiate and maintain the growth of GNSPs. Additionally, higher CH 4 partial pressure and longer growth time provided more carbon sources and therefore also help increase the yield of GNSPs. On the other hand, further increase of either the plasma power above 60 W or the CH 4 partial pressure could not result in higher yields, which may be the result of a limited surface area of the Cu substrate in our growth chamber for initiating the vertical growth of GNSPs. Moreover, excess plasma power tends to increase the amount of C 2 radicals at the expense of reducing the amount of C 6 radicals and C 6 H 6 molecules. Given that C 6 radicals and C 6 H 6 molecules are likely playing an important role in enhancing the growth rate of GNSPs, proper balance between the plasma power and the amount of C 6 and C 6 H 6 is necessary to achieve high yields of GNSPs.
By optimizing various growth parameters, we found that the best yield for 20 min of growth time could reach (1.30 ± 0.43) mg/ GNSPs resulted in a completely darkened surface of the substrate due to dense coverage of GNSPs on the metallic substrate, as exemplified by the optical micrographs in Fig. S6 (a)-(b) and the nearly zero optical transmission from 400 nm to 800 nm shown in the main panel of Fig. S6 . The completely darkened substrate surface by the coverage of GNSPs and the vanishing optical transmission is indicative of strong light absorption by GNSPs, which may be attributed to effective light trapping in stacks of GNSPs due to multiple scattering. Thus, GNSPs may be considered as efficient light absorbers for potential applications to photovoltaic cells when combined with proper plasmonic nanostructures [24] . Next, nanoscale structural properties and chemical compositions of the PECVD-grown GNSPs were investigated by means of TEM and EDS. Measurements were initially performed on standard GNSPs similar to those shown in Fig. 2(a) . Fig. 3(a) ~(c) are TEM top view images, with successively increasing resolution, of GNSPs grown with a 1,2-DCB/CH 4 partial pressure ratio~1.5. From detailed TEM studies, we found that the typical size of GNSPs transferred to the TEM grid was 500 nme1.0 mm in width and 5e10 mm in length, as exemplified in Fig. 3(a) . The shorter lengths than those of the asgrown GNSPs (as represented by the histogram in Fig. 1(h) ) may be attributed to the TEM sample preparation steps that involved sonication of GNSPs in solution that led to shortened samples.
These GNSPs were generally flat over large areas and exhibited ordered nanoscale structures, as illustrated in Fig. 3(b) . High resolution images taken on these flat areas further revealed graphene atomic lattice structures, as shown in Fig. 3(c) . We found that these GNSPs were mostly multilayers and turbostratic: From selected area diffraction (SAD) in Fig. 3(d) , the sample exhibited two predominant orientations and exceeded 6 layers in thickness. This finding of multilayer GNSPs seems to differ from Raman spectroscopic studies of the same GNSPs that always revealed both (I 2D /I G ) ratios > 1 and relatively small FWHM in the 2D-band and so would seem to imply monolayer GNSPs [42, 43, 46] . However, we note that the Raman spectra of multilayer graphene sheets with turbostratic stacking (where individual layers separated by a larger than normal interlayer distance) were also found to exhibit (I 2D /I G ) ratios > 1 [53] . Therefore, our findings derived from the TEM studies of standard GNSPs can be reconciled with the Raman spectroscopic studies.
In addition to studies of the structural properties, we performed nanoscale EDS measurements on flat, unstrained regions of these standard GNSPs, and found a pure carbon composition without any chlorine or other contaminates. This finding is in contrast to studies of the "nano-flowers" samples where chlorine appeared in regions with bifurcations, branching or strain, as explained below.
In Fig. 3(e) -(g), we show TEM images with successively increasing resolution that were taken on nano-flower GNSPs grown with a 1,2-DCB/CH 4 partial pressure ratio~2.3. In contrast to the typical images taken on standard GNSPs, Fig. 3(e) and (f) reveal that nano-flowers generally consisted of a large number of layers, with numerous branching points and reorientations of the layers. In particular, Fig. 3(f) shows that in the reoriented graphene region the number of graphene layers within the field of view is > 20, whereas graphene atomic structures can be resolved in flat regions, as exemplified in Fig. 3(g) . Further SAD studies on a flat region of the sample in Fig. 3 (f) exhibit a diffraction pattern that provides evidence for multiple layers, with varying orientations for many individual graphene layers that lead to the disordered circular pattern. On the other hand, a significant chlorine peak in the EDS data is always observed at a large number of branching and reorientation locations in the nano-flower samples, as exemplified in Fig. 3(i) . This presence of a distinct chorine peak in a branching region of the nano-flowers is in stark contrast to the absence of any chlorine signal in the flat region of the same samples.
We also investigated the electrical properties of the standard GNSPs by aligning them on Au electrodes using the dielectrophoresis techniques [54, 55] , as detailed in Fig. S7 (a)-(b) . We found that the sheet resistance R of a single layer GNSPs to be ranging from 7.0 kU/to~7.8 kU/at room temperature, which were larger than that of typical pristine graphene sheet resistance (~1 kU/), but were significantly smaller than those values (~50 kU/to~30 kU/) reported for lithographically patterned single-layer GNSPS of comparable widths (100 nme1 mm) [56] , suggesting good conducting properties of our GNSPS even in the absence of excess doping. If we take the work function of undoped graphene to be 4.50 eV [50] , the electron density n 2D of our standard GNSPs with F ¼ 4.45 eV (and therefore a Fermi energy E F~0 .05 eV above the Dirac point) is estimated to be n 2D ¼ ðE F =Zv F Þ 2 =p~1.0 Â 10 11 cm À2 for a Fermi velocity v F ¼ 10 6 m/s [3] . Therefore, the electrical mobility m of our GNSPs is found to bem ¼ ðn 2D e R , Þ À1 ¼ 8000e9000 cm 2 /V-s at room temperature, which is 5e10 times smaller than that of our typical PECVD-grown graphene sheets [42] and is about 10 2~1 0 3 times better than that of the vertical graphene nano-sheets reported to date [40, 41] .
Discussion
Based on the aforementioned experimental results, we propose the following mechanism for the branching of GNSPs under excess 1,2-DCB. After initial vertical nucleation of a few honeycomb lattices on the copper substrate as illustrated in Fig. 1(a) , the graphene edges may be chlorine terminated due to chlorine radicals dissociated from 1,2-DCB [57] . These chlorine terminated edges are chemically activated because of electron withdrawal from carbon atoms. Thus, electron-rich aromatic species (e.g., 1,2-DCB and its derivatives) can be drawn to the electron deficient carbon atoms. Given that the zigzag edges of graphene are more likely to react with chlorine or 1,2-DCB molecules due to steric hindrance at the armchair edges, we first consider the growth mechanism along the zigzag edges. As depicted in Fig. 4-I, 1 ,2-DCB molecule may attach to the graphene zigzag edge via nucleophilic aromatic substitution and produce HCl (Fig. 4-II) by reaction with either nearby hydrogen atoms or hydrogen plasma to restore the sp 2 hybridization, as illustrated in Fig. 4 -III. The production of HCl is consistent with our RGA data, and restoring sp 2 hybridization is energetically favorable.
Conversely, the plasma processes may create radical-terminated graphene edges that react with radicals derived from 1,2-DCB. Furthermore, the 1,2-DCB molecule may react with hydrogen plasma and lose both chlorine atoms to become either benzene or C 6 radicals, which are highly reactive aromatics that could react with graphene edges. Based on our RGA data as exemplified in Fig. 1(b) and (c), all of these schemes may contribute the attachment of aromatic rings to GNSPs. However, given the highly complex nature of plasma chemistry [58] , at this time we cannot identify which scheme is dominant. From the illustration in Fig. 4 -III it is also feasible to conjecture the formation of 5-membered rings along the zigzag edges during the growth of GNSPs. In general the formation of 5-membered rings (pentagons) would be accompanied by other defects such as 8-membered rings (octagons), which would lead to line defects that buckled into ridges and distorted the planar structures, as reported previously in scanning tunneling microscopic studies of graphene grown on Ni (111) substrate [59] . Such buckled planes could also contribute to larger interplanar spacing in the GNSPs. However, given that our TEM studies of the planar structures of GNSPs always revealed multiple sets of 6-fold Bragg diffraction spots with small angles relative to each other (see Fig. 3(d) and (h)), which are more consistent with turbostratic multilayers of predominantly 6-fold symmetric planar structures, we believe that the formation of defected structures along the zigzag edges of the GNSPs was unlikely a dominant growth mechanism.
The steps described from Fig. 4 -I to III are repeated to yield the configuration shown in Fig. 4 -IV. Finally, spatial gaps between edges with 1,2-DCB molecules attached can be filled in with carbon radicals dissociated from either methane or 1,2-DCB to complete the graphene lattice illustrated in Fig. 4 -V. When excess 1,2-DCB is present, the graphene edges may become saturated with 1,2-DCB molecules, i.e., 1,2-DCB molecules may attach to adjacent graphene edge sites as in Fig. 4 -VI. Saturation of the graphene edges with 1,2-DCB molecules will necessarily result in strain and branching due to steric hindrance. (See Fig. S8 for the illustration of a 3D model). The sp 3 branching at the strained graphene sites may be achieved by the attachment of chlorine radicals (Fig. 4-VII) , which is consistent with our EDS observation that chlorine is primarily present at the branching sites of nano-flowers grown under excess 1,2-DCB. On the other hand, when 1,2-DCB is relatively dilute, the graphene zigzag edges are more likely terminated by hydrogen, which could either react with the Cl atom in 1,2-DCB, release HCl while extending the length of graphene, or simply react with carbon radicals dissociated from either methane or 1,2-DCB to further the growth of graphene. Thus far we have only described a growth mechanism along the zigzag edges of GNSPs. A similar mechanism may take place along the armchair edge, but at a slower rate due to steric hindrance of both edge chlorination (chemical activation) and 1,2-DCB attachment. Alternatively, 1,2-DCB molecules may selectively attach to zigzag edges while carbon radicals attach to both armchair and zigzag edges as has been proposed in the growth of vertically oriented graphene sheets [40, 41] . Either case is consistent with the large aspect ratios of our GNSPs. Additionally, the prominent presence of C 6 radicals and C 6 H 6 molecules in our plasma growth process is likely important for increasing the growth rate and yield of GNSPs because graphene structures can be more effectively assembled from these molecules than from C 2 radicals. This notion is further corroborated by recent studies using solution plasmainduced formation of nano-carbons [60] , which revealed that among hexane, hexadecane, cyclohexane and benzene, the synthesis rate from benzene was the highest.
Despite overall consistency of the aforementioned model with our experimental findings, we note that a radical-based growth mechanism is also possible for the growth of the GNSPs. Further computational studies will be helpful to confirm or revise our conjectures, particularly if short-lived radicals that are difficult to detect empirically may play an important role in the growth mechanism. All in all, our empirical findings are suggestive of the importance of both 1,2-DCB precursor molecules and the resulting C 6 , C 6 H 6 and chlorine radicals in hydrogen plasma for mediating rapid vertical growth of GNSPs with large aspect ratios. In contrast to other reports for PECVD-grown vertical graphene sheets to date that generally required pretreatment of the substrates and additional substrate heating from 500 C to 1000 C [40, 41] , our singlestep, low-power growth process requires neither active heating nor pretreatment of the substrates, indicating the effectiveness of 1,2-DCB as seeding molecules for the vertical growth of GNSPs. 
Conclusions
In summary, we have developed a new high-yield single-step method for growing large quantity GNSPs on various transitionmetal substrates by means of PECVD and aromatic precursors such as 1,2-DCB molecules. This efficient growth method does not require any active heating and can reproducibly produce a high yield of~10 g/m 2 within 20 min at a relative low power of 60 W.
Moreover, the GNSPs thus produced reveal large aspect ratios (up to >~130) and can be easily transferred from the growth substrate to any other substrates. Therefore, this new growth method is highly promising for mass production of GNSPs. From studies of the Raman spectra, SEM images, UPS, TEM images, EDS and electrical conductivity of these GNSPs as functions of the growth parameters, we have also confirmed the high-quality of these GNSPs and found the correlation of the properties of GNSPs with the growth parameters. Based on our experimental findings, we propose a growth and branching mechanism of GNSPs that suggests the important role of the 1,2-DCB precursor molecules in assisting the vertical growth and determining the morphology as well as the large aspect ratio of GNSPs. These findings therefore open up a new pathway to large-scale, inexpensive mass production of high-quality GNSPs for such large-scale applications as supercapacitors and photovoltaic cells.
